The Mga protein in B514Sm, a Streptococcus pyogenes strain isolated as a mouse pathogen, contains amino acid substitutions at conserved sites that render the protein defective. Replacement of mga50 with the functional homolog mga4.1 restored full expression of Mga-regulated proteins. Restoration of Mga function did not affect fibrinogen binding, nor did it affect virulence in several mouse models of group A streptococcus infection.
The Mga protein in B514Sm, a Streptococcus pyogenes strain isolated as a mouse pathogen, contains amino acid substitutions at conserved sites that render the protein defective. Replacement of mga50 with the functional homolog mga4.1 restored full expression of Mga-regulated proteins. Restoration of Mga function did not affect fibrinogen binding, nor did it affect virulence in several mouse models of group A streptococcus infection.
Streptococcus pyogenes, the group A streptococcus (GAS), is a gram-positive human pathogen responsible for diseases ranging from self-limiting pharyngitis and impetigo to the severe and life-threatening necrotizing fasciitis and streptococcal toxic shock syndrome (7, 48) . Several pleiotropic regulators of virulence factors have been identified for GAS, including Mga (9), the pel locus (27) , and CovR (14, 17, 25) . The multiplegene regulator, Mga, is the best characterized of these and has been shown to activate expression of such important virulence determinants as M protein, M-related proteins (MRPs), C5a peptidase, and serum opacity factor (if present in the strain) (23, 29, 39, 46) . Mga also activates its own expression (28) .
GAS strain B514Sm (19) is a streptomycin-resistant derivative of strain B514, originally isolated as the causative agent in an outbreak of mouse respiratory disease (18) . This strain is closely related to clinical isolates from GAS disease (52) and is itself capable of causing human disease (D. N. Kurl, Letter, Lancet ii:752, 1981). Recently, Yung et al. have shown that the mga50 allele from this strain contains three missense mutations at conserved residues and that these mutations render Mga50 defective (57) . B514Sm contains three MRPs: Mrp, Emml, and Enn, which are expressed at very low levels in the wild-type strain (56) . Expression of the homologous mga4.1 gene (derived from an M type 4 GAS strain) in trans from a multicopy plasmid complements the defective mga50, resulting in increased expression of Mga-regulated proteins (57) .
We have used B514Sm to examine virulence in three mouse models of GAS infection. The first model, subcutaneous inoculation into the flanks of mice, enables assessment of the ability of GAS strains to colonize, invade tissues, and cause systemic infection (3) and mimics some types of invasive disease in humans. B514Sm is not lethal in this model of GAS infection, although infected mice do develop necrotic lesions at the site of inoculation (data not shown). In the second model, intratracheal inoculation, B514Sm is lethal because it causes pneumonia, usually within 3 days of infection (19) . The third model, intranasal inoculation, results in either long-term throat colonization or lethal pneumonia, depending on the strain of mouse used (19) . Both the intranasal and intratracheal infections mimic aspects of human GAS disease. Intranasal inoculation provides information about early stages of infection, such as pharyngeal colonization, and intratracheal inoculation addresses later stages of disease, including the massive infiltration of the lung by neutrophils and macrophages, destruction of lung tissue, and spread of the GAS to cause bacteremia (19) . Since GAS infections sometimes result in lethal pneumonia in humans (4, 8) , these models are useful for studying a specific human disease, as well as for studying the progression from pharyngitis to invasive disease and general host inflammatory responses to GAS infection (19) .
Derivatives of B514Sm that contain mutations for production of MRPs or C5a peptidase showed no attenuation of virulence when inoculated intratracheally and no changes in the ability to colonize the throats of mice (20) . Strains with mutations involving the production of hyaluronic acid capsule, however, had reduced ability to cause pneumonia in mice, and all bacteria that effectively colonized the throats of mice had reverted to the wild type (20) . The presence of a defective Mga in B514Sm, and the resultant deficiency of the Mga-regulated MRPs and C5a peptidase (57) , may be the reason that deletion of these proteins did not attenuate virulence in the mouse models. To address this, we have constructed a B514Sm derivative that expresses functional Mga, and we compared the virulence of this strain to that of the parent strain in mouse models of GAS infection.
Construction and characterization of mga deletion strain JRS934 and mga replacement strain JRS584. Yung et al. (57) showed that mga50 was complemented by expression of mga4.1 in trans from a multicopy plasmid. To avoid the problem of abnormal gene dosage, and because plasmids are not always stably maintained by strains introduced into animals, we constructed a derivative of B514Sm in which the chromosomal mga50 allele was replaced with mga4.1. We first constructed JRS934, a B514Sm mutant in which 0.6 kb of internal mga50 sequence was replaced by the ⍀Km-2 interposon (35). This step was necessary for two reasons: (i) because extensive homology between mga50 and mga4.1 would have allowed recombination to occur along the length of the gene, and we wanted to replace the entire mga50 with the entire mga4.1 rather than generate chimeric mga50::mga4 genes, and (ii) to provide a kanamycin resistance gene as a marker for the mga50 deletion strain (JRS934) to distinguish it from the parent strain (B514Sm) and the subsequent mga-replaced strain (JRS584).
Plasmid pMga4-4 contains the Mga regulon from GAS strain AP4 (M type 4), including the 3Ј end of isp, all of mga4.1 and the region upstream of it, and the 5Ј end of the mrp gene (2) . Following removal of a 600-bp fragment internal to mga4.1 from pMga4-4 by BclI digestion, a 2.1-kb BamHI fragment from pUC4⍀Km2 (35) containing the ⍀Km-2 interposon was ligated into the compatible BclI site to produce the mga4.2 allele carried on pJRS932. The 5.4-kb EcoRI-XbaI mga4.1 fragment from pJRS932 was blunted with T4 DNA polymerase and cloned into EcoRV-digested pJRS9160 (K. S. McIver and J. R. Scott, unpublished data), a derivative of the temperaturesensitive shuttle vector pJRS233 (38) , to produce pJRS934. The mga50 deletion strain JRS934 was constructed using pJRS934 to replace mga50 with the mga4.2 allele (Fig. 1A ) in the chromosome of B514Sm, as described previously (38) . Construction of JRS934 was confirmed by PCR analysis.
JRS934 was used as the parent strain for construction of JRS584, in which mga4.1 was substituted for mga50. The 3.6-kb EcoRI-HindIII fragment from pMga4-4, containing the mga4.1 gene and surrounding sequences, was cloned into EcoRIHindIII-digested pBluescript II KS(Ϫ) (Stratagene) to produce pJRS580. Plasmid pJRS584 contains the 3.6-kb EcoRI-HindIII fragment from pJRS580 blunted with T4 DNA polymerase and cloned into EcoRV-digested pJRS9160 to create pJRS584. This plasmid was used as described previously (38) to replace mga4.2 with mga4.1 in the chromosome of JRS934 (Fig. 1B) . This resulted in strain JRS584, which contains mga4.1, as confirmed by PCR analysis and sequence analysis of the entire mga gene.
While it has been reported that expression of Mga4 protein from a multicopy plasmid in B514Sm resulted in increased expression of the MRPs, which constitute most of the surface proteins extractable by cyanogen bromide (57), a single copy of mga4.1 might not complement as effectively. Therefore, we investigated whether JRS584 efficiently expresses the MRPs. Surface proteins from B514Sm and JRS584 were extracted with cyanogen bromide (43) as described previously for B514Sm/pMga4 (57) . These proteins were then separated by polyacrylamide gel electrophoresis (PAGE) in a 12% sodium dodecyl sulfate (SDS) gel and visualized by staining with Coomassie blue (44) . The protein profile of the cyanogen bromide extracts of JRS584 was essentially identical to that reported previously for B514/pMga4 (57) (Fig. 2) , indicating that a single functional copy of mga complements the inactive mga50 allele for efficient expression of MRPs.
A functional Mga does not affect virulence of B514Sm. Although B514Sm is a mouse pathogen, it is not lethal for mice when inoculated subcutaneously (B. Limbago, V. Penumalli, B. Weinrick, and J. R. Scott, unpublished data). One reason for this could be the lack of MRPs expressed in this strain. Some M and M-related proteins have been implicated in binding to a variety of eukaryotic cell types, including keratinocytes and pharyngeal cells (5, 12, 32, 33, 37, 50) . M proteins and MRPs are also important for bacterial survival in whole blood (24, 40) , where these proteins bind several blood components, including immunoglobulin G (IgG), IgA, and fibrinogen (1, 6, 42, 47, 51, 54) . IgG binding correlates with increased virulence in mouse models and bacterial survival in blood, although the molecular basis for this activity is not well understood (41, 42) . In some strains, fibrinogen binding by the M protein and MRPs is needed for resistance to phagocytosis (12, 13, 53, 55) , one of the main immunologically nonspecific clearance mechanisms for GAS infection (31) . The ability to bind fibrinogen is also important for bacterial acquisition of plasmin-like activity, which has been implicated in destruction of the extracellular matrix and the invasive spread of GAS strains (11, 51) .
To determine if the presence of an active Mga protein causes B514Sm to be lethal, we compared the abilities of JRS584 and B514Sm to cause disease in mice when administered subcutaneously. Approximately 10 8 CFU of each strain was used to infect 10 (B514Sm) or 15 (JRS584) female CD1 mice subcutaneously, as described previously (3, 27a) . Neither strain was lethal, and there was no difference in the size or morphology of the necrotic lesion formed (not shown). Analysis of changes in mouse body weight following infection is another way of assessing virulence and might detect subtle differences in stress levels between mice infected with the different strains. However, mice infected with either B514Sm or JRS584 initially lost ϳ15% of their body mass, and then both groups began to gain weight by 2 days after infection (Fig. 3) . This decrease in mass was due to GAS infection rather than to stress associated with inoculation, because mice injected with sterile saline showed only a small change in mass (Ͻ5%). Thus, restoration of a functional Mga protein did not result in increased virulence of B514Sm in the skin infection model. B514Sm is virulent for mice following intratracheal inoculation (19), so we examined whether restoring Mga function would increase the virulence of this strain. We compared the relative abilities of B514Sm and JRS584 to induce pneumonia in mice. Fifteen (B514Sm) or 21 (JRS584) female C3HeB/FeJ mice were inoculated intratracheally with 5 ϫ 10 7 to 1 ϫ 10 8 CFU of each strain as described previously (19) . By 4 days postinfection, 40% of the mice inoculated with B514Sm, and 35% of the mice inoculated with JRS584, were alive (Fig. 4) . This difference was not significant, as determined by a log-rank test (16) . We also compared B514Sm and JRS584 in the intranasal model of GAS infection. In addition to the roles MRPs might have in the intratracheal model of infection, they might be important for adherence to pharyngeal tissue (32, 37, 50) and in preventing clearance in the early stages of respiratory disease. Ten female C57BL/6 mice were infected with 5 ϫ 10 6 CFU of each strain as described previously (19; L. K. Husmann, unpublished data). By 10 days after intranasal inoculation, ϳ60% of the mice infected with each strain developed pneumonia and were euthanized or died (not shown). Thus, we determined that B514Sm and JRS584 are equally efficient at causing pneumonia when inoculated either intranasally or intratracheally.
Fibrinogen binding of strains B514Sm and JRS584. All of these experiments indicate that restoration of Mga function to strain B514Sm does not affect its virulence for mice. This was somewhat surprising, because M proteins are antiphagocytic (24) and have been shown to be important virulence determinants in other GAS strains (3, 26) . The fact that B514Sm, which expresses extremely low levels of MRPs, is able to cause disease in mice (18, 19) and in humans (D. N. Kurl, letter) suggests that this strain has somehow bypassed the need for these proteins. M proteins are the main fibrinogen-binding molecules on the surface of GAS strains (21, 53, 55) , and the bound fibrinogen helps to prevent bacterial clearance (53, 55) and may also be important for the tissue destruction associated with invasive disease (11, 51) .
Since fibrinogen binding has many activities that are relevant to GAS survival in the host, we examined whether or not the MRPs on the surface of B514Sm and JRS584 were able to bind fibrinogen. JRS4, an M type 6 strain, and JRS145, an isogenic strain lacking M protein (9a), were included as positive and negative controls, respectively. JRS4016, which is isogenic to B514Sm but with a deletion of the MRP genes (20) , was included as a negative control for MRP-specific binding activity. Binding activity of whole cells was assayed as follows: overnight cultures of each strain grown in THY broth (15) at 37°C were concentrated by centrifugation, resuspended in saline, and adjusted to equal concentrations based on optical density at 600 nm. Aliquots were spotted onto nitrocellulose and allowed to dry for 2 h at room temperature. Blots were probed with 1 g of digoxigenin-labeled fibrinogen (Boehringer-Mannheim) and detected by an alkaline phosphatase-conjugated antidigoxigenin antibody (Boehringer-Mannheim).
As expected, the M6 strain JRS4 bound fibrinogen, and the M Ϫ derivative JRS145 did not (Fig. 5A) . Thus, in this strain, fibrinogen binding is dependent on the M protein. Surprisingly, B514Sm, JRS4016, and JRS584 all bound fibrinogen equally poorly (Fig. 5A ). This indicates that restoration of Mga activity to B514Sm did not improve fibrinogen binding. It also suggests that unlike that of many other GAS strains (34, 47) , fibrinogen binding by B514Sm does not depend on the MRPs.
To address the possibility that other surface proteins in B514Sm mask fibrinogen binding in whole-cell dot blots, we compared binding of surface protein extracts from B514Sm and JRS584. Extraction of surface proteins with cyanogen bro- mide releases fragments of M protein and MRPs of different sizes. The larger molecules, which are close to full-size proteins, retain the ability to bind fibrinogen (50a). Cyanogen bromide MRP extracts from equal amounts of GAS cells were separated by SDS-PAGE, blotted to nitrocellulose (44) , and assayed for fibrinogen binding. Although the MRPs from the Mga-replaced strain, JRS584, were present at essentially full size in the extract (Fig. 2) , they did not bind fibrinogen (data not shown). When phage lysin was used to extract total surface proteins (14) , many more bands were present (Fig. 5C) , and some of these bound fibrinogen (Fig. 5B) . Furthermore, the binding profiles were identical for the two strains. Since equivalent amounts of each lysin extract preparation were present in the gel (Fig. 5C ), it appears that the MRPs extracted from JRS584 do not bind fibrinogen. Because many of the protein species in the phage lysin extract from both B514Sm and JRS584 that bound fibrinogen were larger than the MRPs (molecular mass, 35,000 to 42,000 Da; 57), it seems that a protein other than MRP is binding fibrinogen in this strain. It is possible that the Ͼ97-kDa protein in B514Sm that bound fibrinogen (Fig. 5B) is protein F, a 120-kDa protein that binds both fibronectin and fibrinogen in other strains (22) . The other bands in the 40-to 66-kDa size range may be either breakdown products of protein F or additional fibrinogen-binding proteins.
Conclusions. MRPs from other strains of GAS bind fibrinogen (1, 34, 47) , but those from B514Sm and JRS584 apparently do not. However, we have shown that another protein (or proteins) in these strains binds fibrinogen. MRPs are considered the major virulence factors of GAS because of their antiphagocytic function, which depends on their ability to bind fibrinogen in some strains (12, 53) . In B514Sm, the presence of additional factors with fibrinogen-binding activity may substitute for the MRPs, and this is presumably the reason that these proteins are not important for virulence of this strain (20) . The accumulation of mutations in mga in B514Sm is consistent with the dispensability of the corresponding protein for virulence. This implies that Mga-activated proteins are not required for pathogenesis of this strain in the models examined. Although the role of serum opacity factor has not been examined directly for B514Sm with these mouse models, previous results indicate that deletion of scpA, the gene encoding the C5a peptidase, had little effect on virulence (20) .
Different GAS strains use different combinations of factors to achieve the same end: virulence. This is suggested by the observation that established virulence factors are not always expressed by clinical GAS isolates (10, 30, 45, 49) . In some strains, virulence depends on the presence of Mga-regulated proteins (23, 36) . However, we have shown here that complementation of defective Mga50 with functional Mga4 does not affect virulence of B514Sm for mice. Thus, the need for Mgaregulated gene products has been bypassed in this strain, possibly because of the expression of other proteins with similar activity.
